in non-triglyceride components, perhaps mitochondria or vasculature. We also found that the proportion of the body consisting of white adipose tissue (WAT) increased steadily from spring through autumn, and fell throughout hibernation, mirroring changes in body mass. Unlike BAT, WAT fat fractions remained constant (near 90%) throughout the year. Future studies will evaluate the significance of photoperiod and cold exposure on the growth of these tissues. We also found tissue with a fat fraction characteristic of BAT in the head near the eyes, a potentially novel discovery that requires further confirmation.
Introduction
Mammals typically maintain a constant core body temperature (T b ) regardless of changes to ambient temperature (T a ). Small endotherms can be challenged at cold T a because of the enormous amounts of energy required to maintain a constant T b in the cold. Some small mammals have adapted to this challenge by undergoing seasonal hibernation, a strategy that is characterized by bouts of torpor which are interrupted by spontaneous arousals to states known as interbout euthermia (IBE) . During entrance into a torpor bout whole-animal metabolic rate, heart rate and T b are suppressed by 90%, 100-fold, and 32 °C, respectively. In ground squirrels this strategy results in a reduction in energy consumption by approximately 88% over the winter hibernation season, relative to the summer (Wang 1979) . During arousal metabolic rate, heart rate and body temperature increase rapidly to levels similar to those seen in the summer (Geiser 2004) . This cycle of metabolic suppression Abstract Obligate hibernators, such as ground squirrels, display circannual patterns which persist even under constant laboratory conditions, suggesting that they are regulated by endogenous rhythms. Brown adipose tissue (BAT) is important for thermogenesis during periodic arousals from hibernation when core body temperature rises spontaneously from 5 to 37 °C. In most small eutherians BAT growth requires several weeks of cold exposure. We hypothesized that in the thirteen-lined ground squirrel (Ictidomys tridecemlineatus), a hibernator, BAT growth is regulated, in part, by an endogenous rhythm and we predicted that this growth would precede the hibernation season without cold exposure. We tested this prediction using repeated water-fat magnetic resonance imaging over a year, including the hibernation season. Thoracic BAT depots increased in volume from spring through autumn even though animals were housed at ~22 °C. Subsequent cold exposure (5 °C) enlarged the thoracic BAT further. The fat fraction of this tissue fell significantly during the period of peak growth, indicating relative increases and arousal has been well characterized in species such as the thirteen-lined ground squirrel (Ictidomys tridecemlineatus; Russell et al. 2010) . In this species, the cycle between IBE and torpor occurs approximately every 7-12 days, with IBE periods lasting about 8 h.
Especially in the early stages of arousal, much of the increase in metabolic rate and body temperature can be attributed to activation of brown adipose tissue (BAT), although muscle shivering likely also contributes to thermogenesis (Nizielski et al. 1989 ). BAT contains a higher concentration of mitochondria compared with white adipose tissue (WAT). BAT expresses very little F 1 F O ATP synthase within mitochondria, but does express the unique inner mitochondrial membrane protein uncoupling protein-1 (UCP1). In eutherian mammals UCP1 is expressed predominately in BAT, but there have been reports of its expression within brain neuronal tissue of a hibernator (Laursen et al. 2015) . When activated within BAT, UCP1 uncouples substrate oxidation from ADP phosphorylation within the electron transport system (ETS). Activated UCP1 dissipates the proton gradient that is created across the inner mitochondrial membrane by the ETS. The resulting drop in proton motive force stimulates ETS substrate oxidation releasing free energy. In tissues without UCP1 only approximately 25% of the free energy released by substrate oxidation is ultimately used by F 1 F O ATPase to synthesize ATP, with the remaining free energy released as heat (Hocachka 1974) . In BAT virtually all of the free energy released by ETS substrate oxidation is in the form of heat and this thermogenesis does not depend on (i.e. is "uncoupled" from) ATP synthesis.
In non-hibernating eutherian mammals growth of BAT typically requires either excessive consumption of a "cafeteria" diet (reviewed in Himms-Hagen 1985) or acclimation to cold T a , but data suggest that other factors may be important in heterothermic mammals. In daily heterotherms, such as Phodopus sungorus (Djungarian hamster), both BAT mass and oxidative capacity change with seasonal photoperiod, peaking in summer, even when animals are housed at thermoneutral temperatures (Rafael et al. 1985a) . Within hibernators BAT gene expression patterns change markedly between spring/summer and hibernation in arctic ground squirrels (Spermophilus parryii; Yan et al. 2006) . However, such seasonal studies compared active ground squirrels maintained at fairly high T a (typically near 23 °C) with animals in hibernation that had been exposed to cold T a (<5 °C) for several weeks. Many hibernators express endogenous circannual behavioural and physiological rhythms that persist without changes in environmental parameters (e.g. under constant laboratory/animal care conditions), so it is not clear whether BAT growth in hibernators requires acclimation to cold T a or is regulated by an endogenous circannual rhythm.
Both body mass and food intake change greatly throughout the year in marmots (Marmota flaviventris; (Ward and Armitage 1981) and thirteen-lined ground squirrels (Armitage and Shulenberger 1972) even when animals are held at constant T a and photoperiod. Changes in WAT are thought to mirror these patterns. In thirteen-lined ground squirrels expression of several BAT genes, including those involved in mitochondrial metabolism and adrenergic signaling, change from spring to autumn, before hibernation and without cold exposure (Hampton et al. 2013 ).This differential expression may contribute to an apparent peak in BAT cell proliferation in autumn (Hindle and Martin 2014) . Such changes may also be reflected in BAT mass. From June through September the mass of axillary BAT pads of arctic ground squirrels increased even though animals were maintained at constant T a (20 °C) and photoperiod (16L: 8D; Feist et al. 1985) . A more recent study showed increases in the mass of axillary BAT pads in thirteen-lined ground squirrels between spring and fall even though the animals were maintained on a constant 12L: 12D photoperiod (Ballinger et al. 2016 ; though T a was reported only as "room temperature"). These and similar studies have assessed axillary BAT depot size by dissecting individual pads from euthanized animals, but BAT is distributed in several locations throughout the thorax (reviewed in Oelkrug et al. 2015) so it is not clear how one, albeit major, depot reflects BAT changes within the whole animal. Moreover thoracic BAT depots are not always distinct from one another (see Fig. S1 ), and it is difficult to completely dissect an entire, discrete pad.
It is clear that BAT lipid content falls significantly between torpor and arousal (e.g. golden hamsters, Mesocricetus auratus; Nedergaard and Cannon 1984) , but to our knowledge no studies have assessed BAT lipid content in the context of a circannual pattern. In thirteen-lined ground squirrels axillary BAT cell density appears to peak in summer, before hibernation or cold exposure (Hindle and Martin 2014), suggesting that cells are small and perhaps contain fewer or smaller lipid globules. In recent years, water-fat magnetic resonance imaging (MRI) has been refined so that it can rapidly identify BAT in mice (Hu et al. 2010) , rats (Prakash et al. 2016 ) and humans (Rasmussen et al. 2013) . The MRI technique of iterative decomposition of water and fat with echo asymmetry for uniform water-fat separation sequence analysis (IDEAL) can accurately determine the proportion of a tissue that consists of lipid, allowing IDEAL to distinguish BAT from other tissues (Hines et al. 2010; Reeder et al. 2009 ). Sequential imaging of IDEAL data within an individual allows for accurate quantitation of the adipose tissue type, volume and lipid content. Moreover, the IDEAL technique is noninvasive, permitting repeated sampling from individuals over time and eliminating the inter-individual variability inherent to terminal dissection studies. In this study, we used water-fat MRI with IDEAL to locate both WAT and BAT, and quantify changes in their relative volumes and lipid content in thirteen-lined ground squirrels over an entire year, including the hibernation season.
Materials and methods

Experimental animals
The University of Western Ontario Animal Use Subcommittee approved all animal procedures. Three thirteenlined ground squirrels, 2 females and 1 male bred at the University of Western Ontario, were used. Animals were housed in individual plastic shoebox-style cages (26.7 × 48.3 × 20.3 cm high) with dried corn cob bedding, paper nesting material (Crinkl-l'Nest, The Andersons, Inc.), and a cardboard tube (Bio-tunnels, K3557, Bioserve) for enrichment. Rat chow (LabDiet 5P00), dry dog food (Iams), and water were provided ad libitum, with sunflower seeds and corn provided three times a week. Each animal was weighed during weekly cage cleaning.
Squirrels were housed at ~22 °C (20-24 °C) with a photoperiod that changed weekly to match that of Carman, MB, Canada (the natal origin of the parents) from April to November. These animals were a subset of a larger cohort used to study BAT mitochondrial metabolism (McFarlane et al., in press) , and this photoperiod was selected to be consistent with our earlier mitochondrial studies. None of the animals were observed to be in torpor from April to November. Beginning 11 November 2015, ambient temperature was decreased 1 °C per day until it reached ~5 °C. At this time photoperiod was abruptly reduced to 22 h of dark and two hours of light for the rest of the hibernation season. Under these conditions animals began to hibernate within a week. Hibernation condition was determined by daily observation because instrumenting these animals with telemeters would have interfered with MRI scanning. We terminated the hibernation season on 7 April, 2016 by returning the animals to a T a of 22 °C and natural photoperiod, along with food and water.
MRI scanning
Ground squirrels were anaesthetized with isoflurane (4.5% induction, 2 l/min O 2 , maintenance 1.0-3.0%, 1 l/min O 2 ) for the duration of scans (approximately 35 min). Animals were placed on their ventral surface and throughout scanning body temperature and ventilation rate was monitored (Model 1030 Small animal monitoring and gating system, SA Instruments, INC, Stony Brock, NY USA). Imaging was performed at 3 T (MR750, GE, Waukesha, WI, USA) using a 32 element cardiac receive array (Invivo, Gainesville, FL, USA). T 1 -weighted gradient echo [repetition time/ echo time (TR/TE) = 5.1/2.4 ms, flip angle = 15°, number of averages = 4, total scan time ~7 min] produced proton images of the whole animal, used to segment total animal volume. T 2 -weighted spin echo (TR/TE = 2000 ms/120 ms, number of averages = 2, total scan time ~7 min) images with a field of view covering the entire squirrel were acquired with 0.875 × 0.875 mm 2 in-plane spatial resolution and 0.9 mm slice thickness. IDEAL water-fat images (TR/∆TE = 9.4 ms/0.856 ms, 6 echoes, flip angle = 4°, number of averages = 4; total scan time ~13 min) were also collected for each squirrel with 0.933 × 0.933 mm 2 in-plane spatial resolution and 0.9 mm slice thickness (Yu et al. 2008) . IDEAL images were accelerated with parallel MRI by a factor of 1.75 in both the phase and slice directions. From these scans we calculated the fat fraction, which represents the proportion of 1 H signal from mobile lipid relative to the cumulative 1 H signal from both lipid and water. Animals were scanned every ~11 days from 8 June to 11 November. Thereafter, to minimize disturbance of hibernation patterns, animals were scanned shortly after hibernation began in autumn and shortly before it ended in the spring, as well as once approximately halfway between these time points.
Segmentation of images
For each slice the total animal area was outlined as a region of interest (ROI) using the T 1 -weighted images. These areas were multiplied by the image thickness and summed to calculate the total volume of the animal (see Fig. S1 for examples). White adipose tissue volumes were segmented using the Osirix (Bernex, Switzerland) 5.6 2D threshold region growing algorithm tool with segmentation parameters set to a lower threshold of 80, i.e. a minimum of 80% of the tissue volume consisted of lipid. Brown adipose tissue volume lower threshold was set to 25 and an upper threshold of 70 based on segmentation guidelines adapted from earlier studies (Hu et al. 2010; Prakash et al. 2016; Rasmussen et al. 2013 ).
Statistical analyses
Statistical analyses for WAT and BAT depot volumes (expressed relative to total animals volume) and fat fractions were performed using SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA) with repeated measures ANOVA and with Student-Newman-Keuls multiple comparison test when significant differences (p < 0.05) were found.
Results
Our MRI analysis readily distinguished BAT from WAT (Fig. 1, S1 ). Substantial tissue depots with fat fractions ranging from 28.0 to 50.7%, typical of BAT (Rasmussen et al. 2013) , were visible throughout the thorax (Figs. 1, 2) . Other regions of tissue resembling BAT were also evident in the pelvic region (Fig. 1b) and along the spine (Fig. 1c) , but these were quite small compared with other depots and were not quantified. Surprisingly a substantial tissue depot with a fat fraction resembling BAT (fat fraction between 36 and 46%) was found in the head of all animals, near the eyes (Fig. 1d) , and the volume of this depot appeared to increase prior to the hibernation season (Fig. S2 ). In contrast to these tissues, WAT was found subcutaneously and within the abdomen (Fig. 1, S1) .
Overall it appears that WAT changed in quantity but not relative lipid content, whereas BAT changed in both quantity and quality. In June, the proportion of total body volume represented by WAT was approximately 35% but increased steadily, so that by mid-September it was significantly higher (Fig. 3) . The relative content of WAT continued to rise until early October at which point it represented close to 60% of total body volume. After this date WAT quantity remained fairly constant until hibernation began in November. After the T a was reduced and hibernation began WAT content fell steadily to approximately 30% of total body volume. Over this entire time period body mass largely mirrored the changes in relative WAT content (Fig. 3) . Despite the large changes in WAT quantity, fat fraction in this tissue was near 90% and remarkably consistent over the 12 months of scanning (range 84.9-91.5%) with no significant differences (data not shown).
Our scans show thoracic BAT depots that correspond largely to the 6 regions recently described in mice (Oelkrug et al. 2015) , including dorso-cervical, axillary, intrathoracal, supraclavicular and suprasternal (Figs. 2,  4a ). The volume of BAT depots, summed throughout the thorax and expressed as a proportion of total body volume, increased more than twofold between June and midSeptember even though animals were housed at ~22 °C (Fig. 4b) . At this point BAT represented more than 1% of total body volume and remained near this level until T a was reduced in November. During the 17-day period that ambient temperature fell the relative volume of thoracic BAT increased another 40%. Throughout the hibernation period, the relative BAT content decreased back to levels similar to those seen in September, despite a significant drop in body mass (and total volume) over this time. In fact, patterns of changes in relative BAT volume showed Fig. 1 Examples of MRI scans showing tissue with fat fractions typical of white adipose tissue (>80%; seen as white in images) and brown adipose tissue (25-70%; highlighted in red) within ground squirrels. Significant depots of tissue resembling BAT were apparent throughout the thorax (a) with smaller depots in the pelvis (b) and along the spine (c). An additional depot with fat fraction resembling BAT was also found in the head, near the eyes (d). Note that different segments from a combination of all three animals taken at different times of the year. The animal's head is at the top of all images quite similar patterns among individuals (Fig. 5a ) despite large variability in body mass (Fig. 5b) . As a result BAT content, expressed relative to the initial measurements in June 2015, showed a similar pattern to the absolute values, but with somewhat less variability (Fig. S2) . The fat fraction of thoracic BAT declined steadily from levels near 45% in June to approximately 35% in November when ambient temperature was reduced (Fig. 4b) . Fat fractions remained near this level throughout the hibernation season until June 2016. Fig. 3 White adipose tissue and body mass over a year in a hibernating ground squirrel. WAT adipose tissue, as a proportion of total body volume (black circles) and total body mass (red squares). Data are presented as mean ± SE, n = 3. The point labelled with "*" is significantly higher than the initial June 2015 measurements (StudentNewman-Keuls, p < 0.05). Points labelled with "#" are significantly higher than the first 2 June 2015 points. The green arrow indicates the date ambient temperature started to reduce 1 °C/day and light blue arrow indicate the date at which the temperature reached 5 °C, corresponding largely with the first hibernation bouts
Discussion
This study confirms that growth of BAT in hibernators occurs prior to the hibernation season even when animals are held at constant, warm T a . However, our data also suggest a potentially additive effect of cold exposure for BAT growth. Perhaps most significantly our data reveal the novel discovery of what appears to be a major depot of BAT near the eyes.
Our data reveal that in captive thirteen-lined ground squirrels held at a fairly high T a WAT grew steadily throughout the summer until it comprised close to 60% of the body volume in September. Similar observations have been made in wild arctic ground squirrels and confirm that body fat is the main driver of body mass gain prior to hibernation (Sheriff et al. 2013 ). This earlier studied calculated total body fat by subtraction of lean mass, measured by the dilution of injected deuterium-labeled water in blood samples, from total body mass (Sheriff et al. 2013) . While useful, especially for field studies, this technique cannot distinguish where in the body fat is stored, and the necessity for repeated blood sampling makes it difficult to track individual changes over time. In recent years, field researchers have also employed quantitative magnetic resonance to assess animal body composition, including total fat mass (e.g. Guglielmo et al. 2011) . While this technique allows for rapid, simple repeated measures on individuals, it cannot determine where fat is stored, or distinguish between different types of adipose tissue. Water-fat MRI has these capabilities and allowed us to determine that the lipid content (i.e. fat fraction) of WAT does not change, and any effect on total body fat was determined largely by changes in WAT amount. Such an approach could be used in future studies to model energy use and storage in any number of systems, including mammalian hibernators.
Water-fat MRI has also proven effective in identifying BAT in rodents, measurements that have been verified tissue using histology, immunohistochemistry and expression or marker genes (Hu et al. 2010; Prakash et al. 2016; Rasmussen et al. 2013; Romu et al. 2015) . Recent studies (e.g. Ballinger et al. 2016 ) have quantified BAT dissected from only one depot of terminally sampled ground squirrels over a hibernation season. Water-fat MRI allowed us to quantify all BAT and WAT depots repeatedly in the same animals. This technique will allow for more exact modeling of energy reserves and thermogenic capacities. Although fat fractions of BAT vary among individuals in our study, the variability is similar to that found in human studies (Reeder et al. 2012) , and all fat fraction values were well within the criteria of 25 and 70% for BAT. It is possible that the small Fig. 4 Quantity and quality of thoracic brown adipose tissue over a year. Thoracic BAT, highlighted in red (a) from the same animal (note: this is a different individual than that depicted in Fig. 3 ) over 9 months. The volume of thoracic BAT relative to total body volume (b; brown circles), and the fat fraction (blue triangles) of this depot. Data are presented as mean ± SE, n = 3. For relative volume, points that share a label are not significantly different from one another (repeated measures ANOVA with Student-Newman-Keuls, p < 0.05). For fat fraction points labelled x and y were the only significant differences. The green arrow indicates the date ambient temperature started to be reduced 1 °C/day from ~22 °C and light blue arrow indicate the date at which the temperature reached 5 °C, corresponding largely with the first hibernation bouts depot of tissue in the pelvis with a fat fraction similar to BAT (Fig. 1b) might actually be epididymal WAT that has undergone "browning," as it appears too far posterior to be perirenal BAT. To our knowledge, however, the relative lipid content of beige/BRITE fat has not been determined.
From June to October, the fat fraction of thoracic BAT decreased slightly. This pattern is also seen in the Djungarian hamster, a daily heterotherm; when this species is acclimated to cold the BAT protein and water content increase slightly, but lipid decreases significantly, presumably as it is used to fuel thermogenesis (Rafael et al. 1985b) . Our ground squirrels were not acclimated to cold, so the changes we observed likely do not represent an absolute loss in lipid, but rather an increase in non-fat components. It is possible that vasculature within BAT increases, thereby facilitating delivery of oxygen to this metabolically active tissue, as well as convection of warmed blood to cooler body regions. In fact, BAT growth and development depend on vascular endothelial growth factor in mice (Bagchi et al. 2013) . Another potential cause of the drop in BAT fat fraction would be a relative increase in mitochondrial volume density. In Djungarian hamsters the seasonal growth in BAT is actually accompanied by a decrease in mitochondrial protein (Rafael et al. 1985a ). However, a recent study of BAT in this ground squirrel species suggests that the size of mitochondria might increase towards the onset of the hibernation season, but there was no evidence of an increase in the density of mitochondria, i.e. number of mitochondria per cell (Hindle and Martin 2014) .
Our data show that the greatest increase in thoracic relative BAT volume occurs between June and October, before cold exposure. This observation contrasts with a recent study in the same species that found little change in the relative mass of one dissected BAT depot (axillary) over a similar time frame (Hindle and Martin 2014) . Taken together these results suggest that a repeated measures water-fat MRI is a more sensitive technique for assessing changes in this tissue, which is distributed throughout the thorax. Another study in Djungarian hamsters, that were not acclimated to cold but were subjected to natural photoperiod (Heidlelberg, Germany), found a similar pattern to ours; relative BAT mass grew in the spring, peaked in June and declined towards winter (Rafael et al. 1985b ). This study, however, employed very thorough (and probably tedious) dissection of all thoracic BAT pads from several different animals at different time points. Our water-fat MRI method offers not only convenience and accuracy, but the ability to sample individuals repeatedly, thereby reducing variability.
Our data suggest that BAT can grow without cold exposure in hibernators and may follow an endogenous rhythm. While there is precedence for this pattern in daily heterotherms, there appear to be several differences with our ground squirrels. Exposure of Djungarian hamsters to cold T a at the time when BAT relative volume peaks, leads to a rapid and significant decrease in the relative content of this tissue (Rafael et al. 1985b) . In contrast, our data suggest the seasonal growth of BAT is actually accentuated by cold exposure in autumn (Figs. 4, 5) . BAT relative volume, which we would expect to follow relative mass closely, peaked near 1.5% of total body volume. This value is somewhat lower than the values (3.5-5.0% body mass) reported in Djungarian hamsters (Rafael et al. 1985a) . This difference likely reflects the difference in body mass between these species, which ranges from 4-to 12-fold, depending on season (Rafael et al. 1985a ). In Djungarian hamsters, BAT mass decreases as total body mass increases up to approximately 40 g, and remains . Identical symbols show data from the same individuals in both panels. Data represented by the red and black symbols were from female animals and the green from a male. The green arrow indicates the date ambient temperature started to be reduced 1 °C/day from ~22 °C and light blue arrow indicates the date at which the temperature reached 5 °C, corresponding largely with the first hibernation bouts steady with further increases in body mass (Rafael et al. 1985a) . In contrast our ground squirrel data show that the BAT growth in summer and autumn parallels body mass increases (Fig. 5) . Moreover, despite a difference in body mass of up to 30%, the pattern of relative BAT growth differed little among individuals (Fig. 5) arguing against body mass as major driver of BAT dynamics in this system.
Pioneering work in mice revealed that sympathetic activation in response to cold exposure triggered expression of PCG-1α, and BAT differentiation followed (Puigserver et al. 1998) . Subsequent research has revealed that growth and differentiation of BAT is influenced by many other factors (reviewed in Wu et al. 2013 ) including transient receptor potential vanilloid 2 cation channels (Sun et al. 2016) . If an endogenous rhythm of BAT growth is confirmed, hibernators may prove to be a valuable comparative model for understanding the regulation of growth and differentiation in this tissue. At this time, however, we cannot definitively attribute our observations to an endogenous rhythm. Infrastructure constraints required us to house these animals with others that were used for studies on the regulation of mitochondrial metabolism in hibernation. To be consistent with earlier mitochondrial studies we varied photoperiod weekly to match that of the animals' parental origin. Photoperiod can affect BAT thermogenic and oxidative capacity in a daily heterotherm (Rafael et al. 1985a ), so we are currently undertaking ground squirrel studies that keep photoperiod constant (12L: 12D) with treatments for both thermoneutral (25°) and cold (5 °C) exposures. Such experiments will not only inform us about adipose tissue dynamics, but provide novel insights into how ambient temperature and photoperiod affect the hibernation pattern in this species.
The presence and apparent growth of tissue near the eye that has a fat fraction resembling BAT (39-46%) requires further study. Analogous "heater organs" near eyes and brains have been described in several distantly related fish including swordfish (Carey 1982) , tuna (Sepulveda et al. 2007 ) and the opah (Lampris guttatus; Runcie et al. 2009 ). Should this finding be verified it would be a completely novel discovery in mammals, although a recent paper reported apparent expression of UCP1 in brain neuronal tissue of thirteen-lined ground squirrels (Laursen et al. 2015) . Due to the repeated measures design of the current study, we could not biopsy this tissue. We will dissect this tissue from ground squirrels terminally sampled throughout the year, and look for markers of BAT including immunoblots for UCP1.
